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Abstract

The UoS. Space StationProgramis providingmany technological
developmentsto meet the increasingdemandsof designingsuch a facility. One
of the key areas of researchis that of teleroboticsfor space station
assemblyand maintenance. Initialimplementationwill be teleoperated,but
long-termplans call for autonomousrobotics. One of the essentialcomponents
for making this transitionsuccessfulis the manipulatorjoint mechanism.

Historically,teleoperatedmanipulatorsand industrialroboticshave had
verydifferentmechanismsfor forcetransmission.This is becausethe design
objectivesare almostmutuallyexclusive. A teleoperatormust have very low
frictionand inertiato minimizeoperatorfatigue;backlashand stiffnessare
of secondaryconcern. A robot,however,must have minimumbacklash,and high
stiffnessfor accurateand rapid positioning.A jointmechanismhas yet to be
developedthat can optimizethese divergentperformanceobjectives.

A joint mechanismthat approachesthis optimalperformancewas developed
for NASA Langley,AutomationTechnologyBranch. It is a traction-drive
differentialthat uses variablepreloadmechanisms. The differentialprovides
compact,dexterousmotionrange with a torquedensitysimilarto geared
systems. The tractiondrive offershigh stiffnessand zero backlash- for
good roboticperformance,and the variable-loadingmechanism(VLM)minimizes
the drive-trainfriction- for improvedteleoperation.As a result,this
combinationprovidesa mechanismto allow advancedmanipulationwith either
teleoperatedcontrolor autonomousroboticoperation. This paper will address
the designprinciplesof both of thesemajor componentsof the joint
mechanism. Variousmaterialswere evaluatedfor the tractionrollers,and two
were tested. Also, varioussurfacemodificationsto these rollerswere
studiedutilizingpreviousNASA Lewis experience. Both modifiedand
unmodifiedmaterialswere tested. For the VLM, severaldesignswere
investigatedto determinethe trade-offsbetweenfrictionand compliance,as
well as the effectsof dimensionaltolerancesand structuraldeflection.
Variousdesignswere fabricatedand tested. Test resultsfrom the test joints
are included. Also, the preliminaryresultsof the completemaster/slave
assemblyare discussed. At the time of this writing,final assemblyis under
way. Finally,the paper describessomeof the limitationsof thismechanism,
as well as recommendationsfor furtherdevelopmentof this technology.

*Researchsponsoredby N_SA LangleyResearchCenterunder Interagency
AgreementNumber40-1553-85with MartinMariettaEnergySystems,Inc.
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I. Introduction

The purposeof developinga telerobot_ work packagefor space
applicationis to increaseastronautand overallsystemsafety,productivity,
and flexibility.Astronautsafetyis of increasingconcernbecauseof the
numberof potentiallyhazardoustasks,such as hydrazinefuel transfer,being
plannedfor space execution. Astrona_Jtrisks increaseas the demandfor extra
vehicularactivity(EVA)time (asmuch as 2000h per year has been projected)
increasesfor work on largeprojectssuch as space stationassembly,
operation,and maintenanceactivities. A remotesystemwould allow around-
the-clockoperationwhile the astronaut-operatorsremainsafely insidethe
orbiteror space station. Finally,with a telerobotic-baseddexterousremote-
handlingsystem,operationscan be conductedat significantdistances(suchas
geosynchronousorbit)from the orbiteror space station.

The basic criteriafor this teleroboticwork packageare very straight-
forward. First,the criteriamust replacethe dexterityof a suited
astronaut,while allowingthe operatorto work remotelyin a "shirt-sleeves"
environment. In addition,the designmust allow for the transitionfromnear-
term teleoperationto far-termautonomousroboticoperation.

Traditionally,teleoperatedmanipulatorshave beendesignedprimarilyto
operatewith low frictionand inertiato minimizeoperatorfatigueand
backlashand stiffnesswere of secondaryconcern. Robots,on the other hand,
are designedwith high stiffnessand minimumbacklashas a primaryconcernto
accommodateaccurateand rapid positioning;frictionand inertiaare addressed
secondarily,if at all. The designobjectivesof teleoperatorsand robots
dictatemechanicalapproachesthat are almostmutuallyexclusive. Attemptsto
merge thesetechnologiesinto a "telerobot"have been strictlylimitedby
these contradictoryapproaches. To accomplishthis merger,a joint mechanism
is neededthat providesvery low frictionand inertiato accommodate
teleoperatorrequirementsand high stiffnessand zero backlashto accommodate
roboticrequirements.A joint mechanismhas yet to be developedthat can
optimizebothof these requirements.However,a joint mechanismthat
approachesthis optimalperformancehas been developedfor NASA Langley,
AutomationTechnologyBranch. It consistsof a tractiondrive differentia]
that uses variable-loadingmechanisms(VLM)and is calledthe Laboratory
TeleroboticManipulator(LTM).

2. Traction-DriveJoint Mechanismfor the LTM

The LTM is a seven-degree-of-freedomtelerobotthat employsreplicated
tractiondrive joint mechanismsas shoulder,elbow,and wrist joints (Fig. 1).
Each jointmechanismprovidespitch and yaw motionsabout orthogonalaxes.
Each joint is attachedto the adjacentjointsby means of only four fasteners
to producea modularmountingarrangementthatallowsthe LTM arms to be
easilyassembledand disassembled. Thismodularityalso allows the LTM arms
to be easilyreconfiguredfor changingrequirementsand permitsmaintenanceon
the arms by simplemodulereplacement.
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The LTM has load capacitiesto accommodateman-equivalentoperation.
Each LIM arm has a peak loadcapacityof 30 Ib and a continuousload capacity
of 20 lb. To accomplishthis requirementeffectively,the LTM arm was
configuredby joints havingdifferenttorquecapacities. The resultingtorque
requirementfor each joint is 435 in.-Ibsfor the wrist, 960 in.-Ibsfor the
elbow,and 1650 in.-Ibsfor the shoulder. To reducethe fabricationand
engineeringcost, a largejoint havinga peak torquecapacityof 1650 in.-Ibs
is used at both shoulderand elbow positions. In an effort to optimize
dexterityand minimizeweight,a small join* havinga peak torquecapacityof
435 in.-Ibsis used as the wrist joint. An assemblyof the smalljoint is
illustratedin Fig. 2. The largejoint is simplyan enlargedreplicaof the
small joint and is illustratedin Fig. 3. Both joint assembliesconsistof a
differentialdrive mechanism,two DC servomotors(InertialMotors)with
gearheads,two torquesensors,and two resolversas shown in Figs. 2 and 3.
The speed-reductionratio throughthe differentialis 3-]/2 to I. Special
gearhead(BaysideControls)with spring-loadedantibacklashgear trainswere
used. Commerciallyavailable(GSE)torquesensorshave been modifiedand
incorporateddirectlyinto the jointmechanismto producea compact
arrangement. Vernitronresolversare locatedat each joint axis and are
coupleddirectlyto the axis of rotation. These resolversand torque sensors
providethe controlsystemdata indicatingthe joint'spayloadand position.

Cablingprovisionshave also beenmade to eliminatethe use of external
pigtailsand connectors. A through-passagewithinthe differentialhas been
providedto accommodatethe cablingbundle. This cablingbundle is also
equippedwith electricalconnectorspositionedat each mountinginterfacethat
engageand disengageautomaticallyas each joint is attachedand detachedto
the adjacentjoint.

Permanent-magnetfail-safebrakeshave recentlybecomecommercially
available(Electroid)and have been coaxiallymountedto each drive motor.
These brakeswill safelystop each LTM arm duringpower failureand will
providethe capabilityof supportingmaximumpayloadsfor long periodswithout
motor overheating. The operatingprincipleof a permanent-magnetbrake is
similarto that of a standardspring-setbrake in the sense that permanent
magnetsare used to generatea magneticforce that replacesthe springforce
of the spring-set-typebrakes. When the coil of a permanentmagnet brake is
energized,it cancelsthismagneticforce,releasingthe clampingfoFc_ on the
drive disc. The real advantageof these brakes is the amountof torqueper
unit size and weight. These magneticunits are capableof supplyingfive
times the torque-to-weightratio as spring-setbrakes.

The differentialdrive mechanismhas two inputsand one outputwhich
rotateabout orthogonalaxes. Force transmissionthroughthe differential
drive mechanismis accomplishedby tractiondrives. Unlikeforce transfer
throughgear teeth that generatetorsionaloscillationas the load transfers

betweenteeth,force transferthroughtractionis inherentlysmoothand
steady,withoutbacklash,and relativelystiff. The elementsof this
tractiondifferentialdrive can be seen in Fig. 4. Two drivingrollers
provideinput intothe differential.A significantadvantageiq this setup is
that each drivingrolleris requiredto transmitonly one-halfof the
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total torquenecessaryto make a particularmotion. These rollersdrive two
intermediaterollerassemblies,which in turndrive the pitch/yawrollerabout
the pitch and yaw axes. The axis aboutwhich the pitch/yawroller_otates
dependson the directionof rotationof the drivingrollers. The pitch/yaw
rolleris drivenabout the pitch axiswhen the drivingrollersrotate in
oppositedirection. When bothdrivingrollersare rotatedin the same
direction,the pitch/yawrolleris driven aboutthe yaw axis. The rolling
surfacesof the differentialare gold pl_ted in an ion-platingprocess
developedby NASA Lewis ResearchCenter._ This platingservesas a dry
lubricantin the sensethat it preventsthe substratesfromcontacting.
Vernitronresolversare locatedat each joint axis in an effortto maximize
positioningaccuracy. By locatingthese resolversdirectlyat each joint
axis, any creep eventsthat occur throughthe tractiondrive differentialwill
not effectthe positioningcharacteristicsof the LTM.

VLMs have also been employedas an alternativeto constant-loading
mechanismsin an effortto improvethe differentialsback-driveability,
mechanicalefficiency,and fatiguelife. Constant-loadingmechanismsproduce
a constantnormalload betweenthe tractiondrive rollers. This constant
normalloa_Cmust be sized to ensureadequatetractionat the jointsmaximum
torquecapacity. The obviousdisadvantageof this constantnormalload is
that the tractiondrive rollersand their supportingbearingsare needlessly
overloadedduring periodsof low torquetransmission. This constantnormal
loadnot only generatesextra bearinglossesat low torquetransmissionbut,
more important,shortensthe drive systemsfatiguelife._ Tc ensureadequate
tractionwith minimumfrictionloss, VLMs were developed. These mechanisms
producevaryingnormalloads betweenthi tractionrollersthat are
proportionalto the transmittedtorque._ Two VLMs variableloadingmechanisms
have been incorporatedintothe tractiondrive differential. These VLMs are
known as the inputVLM and the outputVLM.

The inputVLM producesa varyingnormalload betweenthe inputroller
and the intermediaterollerassembly. This mechanismconsistsof a upper
thrustcam, a lowerthrustcam, a thrustbearing,two radialbearings,a
thrustbearingretainer,and four ball bearingballs,referredto as cam balls
as shown in Fig. 5. This mechanismgeneratesa thrustforce proportionalto
the inputtorque. This thrustforce is appliedto the inputroller and is
counteractedby the thrustbearingand bearingretainer. The radialbearings
providestabilityto the upper thrustcam. The upper and lower thrustcams
are equippedwith taperedcontoursthat are formedby helicalgrooves. These
contourscontaincam balls as illustratedin Fig.6. Each contouris formed
by two helicalgrooves,one cut on a right-handhelix and the other cut on a
left-handhelix. These two helicalgroovesconvergeat a depth that is
slightlyless than that of the cam ball radius (0.031in). A free-body
diagramcf the upper thrustcam and lower thrustcam is shown in Fig. 7. The
inputtorque (Ti) is transmittedfrom the upper thrustcam to th_ lower thrust
cam by a compressiveforcegeneratedin each cam ball. This compressiveforce
F is normalto the tangenthelicalgrooveand is the resultantforceof a

horizontalforce FT and a verticalforceFL. Force FT is the tangential
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force requiredto transmitthe input torqueTi. Force FL is a varyingthrust
loadthat is counteractedby the thrustbearingand bearlngretainershown in
Fig. 5. This varyingthrustload is appliedto the inputrollerand produces
a varyingnormalload betweenthe inputrollerand intermediateroller
assembly.

The outputVLM producesa varyingnormalload betweenthe intermediate
rollerassemblyand the pitch/yawroller. This mechanismis incorporatedinto
the intermediaterollerassemblyas shown in Fig. 6. It consistsof the
intermediatedrive roller,eight cam balls,and an intermediatetransversing
roller. These rollerscontaintaperedcontoursthat work in conjunctionwith
the cam balls in the samemanneras the upper and lower thrustcams of the
input VLM. As torque is transmittedbetweenthe intermediatedrive rollerand

intermediatetransversingrollera thrust force FL is generatedthat produces
the varyingnorma]force FN.

The operationalperformanceof the LTM was verifiedthroughtesting
duringits preliminarydesign. A photographof the test stand used is shown
by Fig.8. The test standwas originallydesignedto accommodatetwo
differenttypes of speedreducers;a power hingereducer,which was seento be
economicallyunfeasible;and a harmonicdrive reducer,which is now being
used. The test-standdifferentialis very similarto the LTM small-joint
differential. Similarbearingsand tractiondrive rollersare employedin
both cases. The test stand is equippedwith an inputVLM and an output
constant-loadingmechanism. This arrangementprovidesthe capabilityto
comparethe two differenttypesof loadingdevices. Some of the parameters
testedwere the startingtorque,back-driveability,mechanicalefficiency,and
torquecapacity. The test standdemonstratedthat a tractiondrive
differentialequippedwith VLMswill satisfactorilytransmitits designed
torquecapacitywith a mechanicalefficiencyof 90%. Testingalso indicated
that a VLM generatesonly 25% of the startingand back-drivingtorques,
whereasthe constant-loadingmechanismgenerated75% of thesedifferential
torques. This appearsto indicatethat the VLM may reducethe startingand
backdrivingtorqueto 50%.

3. Conclusions

A joint mechanismfor a spacetelerobotwas developedfor NASA Langley
ResearchCenter. This jointmechanismincorporatesa traction-drive
differentialthat is equippedwith variablepreloadmechanisms. It meets the
requirementsof both teleoperatorsand robots. Backlashis eliminatedand
high stiffnessis providedthat accommodatesaccurateand rapid positioning
neededin robots;and low frictionand inertiais obtainedto minimize
operatorfatigueneeded in teleoperatedmanipulators. By meetingthe
requirementsof teleoperatedmanipulatorsand robots,this joint mechanismis
the first operationalsystemto mechanicallymerge these two technologiesinto
a "telerobot".
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